Abstract: We analyze all available solar and related reactor neutrino experiments, as well as simulated future 7 Be, p − p, pep, and 8 B solar neutrino experiments. We treat all solar neutrino fluxes as free parameters subject to the condition that the total luminosity represented by the neutrinos equals the observed solar luminosity (the 'luminosity constraint'). Existing experiments show that the p−p solar neutrino flux is 1.01 ± 0.02 (1σ) times the flux predicted by the BP00 standard solar model; the 7 Be neutrino flux is 0.97
−0.06 . We evaluate how accurate future experiments must be to determine more precisely neutrino oscillation parameters and solar neutrino fluxes, and to elucidate the transition from vacuum-dominated to matter-dominated oscillations at β = 2 √ 2G F n e E ν /∆m 2 ∼ cos 2θ 12 . A future 7 Be ν −e scattering experiment accurate to ±10% can reduce the uncertainty in the experimentally determined 7 Be neutrino flux by a factor of four and the uncertainty in the p − p neutrino flux by a factor of 2.5 (to ±0.8%). A future p − p experiment must be accurate to better than ±3% to shrink the uncertainty in tan 2 θ 12 by more than 15%. Based upon quantitative analyses of present and simulated future experiments, we answer the question: Why perform low-energy solar neutrino experiments?
7. What will we learn from a p-p solar neutrino experiment? 
Introduction
We assess in this paper how well existing and future experiments can determine neutrino parameters and solar neutrino fluxes. The starting point for our calculations is the assumption that the large mixing angle (LMA) MSW solution [1] describes exactly the behavior of solar neutrino oscillations and that the true values for the oscillation parameters lie close to the current best-estimate oscillation parameters [2, 3] .
The new experiments discussed in this paper will test whether the LMA neutrino oscillation solution is correct and, if it is correct, will determine accurately the solar neutrino mixing angle, the difference of the squares of the neutrino masses, and the solar neutrino fluxes. We will not be surprised if these experiments reveal physics or astronomy that cannot be explained within the now conventional framework of the LMA oscillation solution and the standard solar model. The fundamental goal of our paper is to determine what is expected in order to make it easier to recognize what is unexpected.
Although most of our effort in this paper is directed toward new experiments, the most surprising result is that the p − p solar neutrino flux is determined to ±2% by the existing solar and reactor experiments if one imposes the constraint that the luminosity of the Sun is produced by fusion reactions among light elements that also produce solar neutrinos (the so-called 'luminosity constraint'). The best-fit value of the p − p flux inferred from a global fit to existing neutrino experiments and the luminosity constraint is within 1% of the flux predicted by the BP00 standard solar model.
Historical perspective
The first forty years of solar neutrino research has demonstrated that new physics may appear when we carry out neutrino experiments in a new domain of sensitivity. Most of the new experiments considered in this paper will be sensitive to neutrino energies that are less than or of the order of 1 MeV, a domain in which solar neutrino energies could not previously be measured. More than 98% of the predicted flux of solar neutrinos lies below 1 MeV.
One of the primary reasons for carrying out the new experiments is to test whether new physics shows up at lower energies. As stated earlier, our explorations in this paper are intended as a guide to the expected in order that they can be used to help identify the unexpected.
Moreover, we want to use solar neutrino experiments for their original purpose [4] : to test theoretical models of how a main sequence star gains energy and evolves by burning hydrogen to helium. To do this, we must have sufficient experimental data to measure the total neutrino fluxes that are produced by the principal neutrino-producing nuclear reactions. Until very recently, it was necessary to assume the standard solar model predictions for all the solar neutrino fluxes and their uncertainties in order to determine reasonably constrained values for neutrino oscillation parameters. Only after the results of the Super-Kamiokande and SNO experiments became available was it possible to measure directly the 8 B neutrino flux. However, even now, the other solar neutrino fluxes must be taken from standard solar model calculations in order to obtain the well-constrained global solutions for neutrino oscillation parameters that are seen so frequently in the literature [2, 3] .
A study similar to what we carry out in this paper was performed in 1996; the earlier investigation provides historical perspective. In 1966, only the chlorine [5] , SAGE [6] , GALLEX [7] and Kamiokande [8] experimental results were available. In a paper entitled [9] 'How well do we (and will we) know solar neutrino fluxes and oscillation parameters?', the authors found seven years ago that the small mixing angle (SMA) solution was slightly preferred over the LMA and vacuum oscillation solutions. All three, SMA, LMA, and vacuum oscillations, were allowed at 1σ. The uncertainties in the solar neutrino fluxes were large. At 95% C.L., the uncertainties were a factor of two for the p − p neutrino flux and a factor of five for the 8 B neutrino flux. The 7 Be solar neutrino flux could be as large as 6.4 times the 1995 standard solar model prediction. In this investigation, there were only enough experiments to permit treating one flux at a time as a free parameter. The other neutrino fluxes and their uncertainties were required to be consistent with the 1995 standard solar model [10] . The principal constraints on the p − p and 7 Be neutrino fluxes were established by the luminosity constraint [11] , not the then existing solar neutrino experiments. In 2001, Garzelli and Giunti [12] performed a Bayesian analysis independent from the Standard Solar Model (SSM) predictions for the solar fluxes. The luminosity constraint was used to obtain the posterior distributions of p−p, 7 Be and 8 B neutrino fluxes in agreement with BP00 predictions [13] . At 90% C.L., the allowed ranges were [0.99, 1 With the extensive results of three additional experiments, Super-Kamiokande [14] , SNO [15, 16] , and KamLAND [17] , we now know-or think we know-a great deal more. But, the enormous change in the consensus view about solar neutrinos that has been caused by the data from just three new experiments provides an additional caution that surprises may appear in the future.
The theme of this paper
The theme of this paper can be stated simply: the astrophysics of the solar interior and the physics of neutrino propagation both deserve to be explored independently, not assumed. We investigate the extent to which existing data and future experiments constrain separately both the stellar astronomy and the neutrino physics.
A key step in our analysis is the imposition of the luminosity constraint [11, 18] , which implements in a global way for the Sun the constraint of conservation of energy. Each neutrino flux is associated with a specific amount of energy released to the star and therefore a particular linear combination of the solar neutrino fluxes is equal to the solar luminosity (in appropriate units). We describe results that are obtained with and without imposing the luminosity constraint, in order to illustrate the power of the constraint.
We include in our global analyses reactor [17] and solar neutrino data [5, 6, 7, 19, 14, 15, 16] . We marginalize all the results quoted in this paper over the mixing angle θ 13 using the calculated dependence of the global χ 2 as a function of the dominant neutrino oscillation parameters, ∆m 2 and θ 12 , the solar neutrino fluxes, and θ 13 . For the dependence of the χ 2 on θ 13 , see refs. [20, 21, 22] , especially figure 7 of ref. [21] and figure 4 of ref. [22] .
We investigate in this paper the extent to which the inferred values of the neutrino oscillation parameters are dependent upon the common assumption that the solar neutrino fluxes have the best-estimate values and uncertainties determined from the standard solar model [13] . Throughout this paper, we present results in which the 8 B solar neutrino flux is treated as a free parameter. In the latter sections of the paper, we present results in which also the 7 Be solar neutrino flux, and later the p − p and CNO neutrino fluxes, are treated as free parameters.
We begin our investigation by determining how well the existing set of solar and reactor neutrino experiments constrain the solar neutrino fluxes and the solar neutrino oscillation parameters. Most of this paper is, however, devoted to experiments that are currently being planned or developed [23] . We explore how well future solar neutrino experiments can be expected to determine neutrino fluxes and oscillation parameters, all provided there are no major new surprises.
Organization of this paper

Advice for generalists and specialists
General readers will find everything they want to learn from this paper in our discussion section, section 9. We answer in section 9.1 the question: Why do low energy solar neutrino experiments? And in section 9.2, we summarize the principal results and ideas that are discussed in the main text.
There are many detailed results and explanations that could not be included in section 9. For the reader who is a specialist in a particular area related to solar neutrino research, we nevertheless recommend reading first the discussion section 9 and only afterwards selecting a particular topic from the list of section topics described below.
Topics discussed in each section
We present in section 2 the approximate analytic behavior of the electron-neutrino survival probability, P ee , for the LMA oscillation solution. A number of the results in this paper can be understood qualitatively by referring to figure 1 of section 2.
Section 3 describes some of the technical details that we use latter in the paper, including the input experimental data, the ingredients of the global χ 2 , the relationship between the two-neutrino and three neutrino survival probabilities, and the simulations we make of future KamLAND and SNO data. The details of section 3 are primarily of interest to experts on neutrino oscillations and can be skipped by the general reader who just wants to know the scientific implications of our investigations.
We use in section 4 all of the available solar and reactor neutrino data to determine the current constraints on neutrino oscillation parameters and solar neutrino fluxes (see especially table 4 and figure 2). The global analyses in this section evolve in steps from treating only the 8 B neutrino flux as free, to letting both the 7 Be and 8 B fluxes be free parameters, to the most powerful method: treating all of the neutrino fluxes as free parameters subject to the luminosity constraint. We also analyze in this section simulated data for three years of operation of KamLAND and show how these additional data are expected to improve our knowledge of oscillations parameters and fluxes.
We explain in section 5 the reason why the luminosity constraint helps provide a powerful bound on the p − p solar neutrino flux, but imposes only a relatively weak constraint on the 7 Be solar neutrino flux. Section 6 and section 7 provide our best answers to the questions that experimentalists planning future solar neutrino measurements most ask us. These sections address the parallel questions: What will we learn from a 7 Be solar neutrino experiments? What will we learn from a p − p solar neutrino experiment? In order to answer these questions, we analyze simulated data for 7 Be and p − p solar neutrino experiments.
We show in section 6 that the current predictions for a 7 Be solar neutrino experiment depend sensitively on whether or not one assumes the correctness of the best-estimate neutrino fluxes, and their uncertainties, that are predicted by the standard solar model. Table 6 shows that we will be stuck with a large experimental uncertainty in the flux of 7 Be solar neutrinos unless a 7 Be solar neutrino experiment accurate to ∼ ±5% is performed. Fortunately, a 7 Be solar neutrino experiment will also provide a powerful constrain on the p − p solar solar flux via the luminosity constraint.
We show in section 7 that a measurement of the p−p neutrino-electron scattering rate must be very accurate, ∼ ±1%, in order to significantly improve our knowledge of the tan 2 θ or the solar neutrino fluxes (see especially table 8 ). If this accuracy is achieved, then the allowed range for tan 2 θ 12 will be reduced by a factor of two. We demonstrate also in this section that a measurement of the pep neutrino flux would be about as informative as a measurement of the p − p neutrino flux.
We answer in section 8 two important questions: At what level is maximal mixing excluded by current data? How will the SNO salt-phase data affect the exclusion of maximal mixing?
MSW at high energies, Vacuum at low energies
The effective Hamiltonian for two-neutrino propagation in matter can be written conveniently in the familiar form [1, 24, 25, 26, 27, 28] 
Here ∆m 2 and θ 12 are, respectively, the difference in the squares of the masses of the two neutrinos and the vacuum mixing angle, E is the energy of the neutrino, G F is the Fermi coupling constant, and n e is the electron number density at the position at which the propagating neutrino was produced. The best-fit values for ∆m 2 and tan 2 θ 12 obtained from a global solution to all currently available solar neutrino and reactor anti-neutrino experimental data are (see table 4, the third row) ∆m 2 = 7.3 × 10 −5 eV 2 and tan 2 θ 12 = 0.42.
The relative importance of the MSW matter term and the kinematic vacuum oscillation term in the Hamiltonian can be parameterized by the quantity, β, which represents the ratio of matter to vacuum effects. From equation 2.1 we see that the appropriate ratio is The quantity β is the ratio between the oscillation length in matter and the oscillation length in vacuum. In convenient units, β can be written as
where µ e is the electron mean molecular weight (µ e ≈ 0.5(1+X), where X is the mass fraction of hydrogen) and ρ is the total density, both evaluated at the location where the neutrino is produced. For the electron density at the center of the standard solar model, β = 0.22 for E = 1MeV and ∆m 2 = 7 × 10 −5 eV 2 . For the LMA region, the daytime survival probability can be written to a good approximation in the following simple form [1, 24, 25, 26, 27, 29] Figure 1 illustrates the energy dependence of the LMA survival probability, P ee . If β < cos 2θ 12 ∼ 0.4 (for solar neutrino oscillations), the survival probability corresponds to vacuum averaged oscillations,
If β > 1, the survival probability corresponds to matter dominated oscillations,
The survival probability is approximately constant in either of the two limiting regimes, β < cos 2θ 12 and β > 1. The LMA solution exhibits strong energy dependence only in the transition region between the limiting regimes. At what neutrino energy does the transition take place between vacuum oscillations and matter oscillations? The answer to this question depends upon which neutrino source one discusses, since the fraction of the neutrino flux that is produced at a given radius (i. e., density and µ e ) differs from one neutrino source to another. The 8 B neutrinos are produced at much smaller radii (higher densities) than the p−p neutrinos; the 7 Be production profile is intermediate between the 8 Be and p − p neutrinos. According to the BP00 solar model, the critical energy at which β = cos 2θ 12 is, for tan 2 θ 12 = 0.42,
The actual energies for p − p and 7 Be neutrinos are below the critical energy where they are produced. To a very good approximation, 8 B neutrinos are always in the MSW regime, while p − p and 7 Be neutrinos are in the vacuum regime. The energies are so low for p − p and 7 Be neutrinos, that the energy dependence of the vacuum oscillations, ∝ sin 2 (∆m 2 L/4E), averages very close to one-half in any measurable energy interval. To a good approximation, the survival probability is given by equation 2.6 for both 7 Be and p − p neutrinos. The fact that the survival probability in equation 2.6 is independent of ∆m 2 explains why the 7 Be and p − p experiments discussed in section 6 and section 7 are insensitive to ∆m 2 . We shall show in section 7 that a precise p − p experiment can be sensitive to tan 2 θ 12 . The rather low critical energy for 8 B neutrinos explains why spectral distortions are difficult to measure in SuperKamiokande (SNO) with present thresholds E e = 5 MeV (T e = 5 MeV). However, a distortion should be measurable if the threshold can be lowered by 1-2 MeV.
Some technical remarks
In this section, we describe some technical aspects of our analysis and introduce some of the notation. This section can be skipped by readers who do not suffer from acute addiction to the details of neutrino oscillation analyses. Where necessary in the remainder of the text, we refer back to this section for definitions or for specific procedures. We summarize in section 3.1 (see especially table 1) the existing experimental data used in latter sections to carry out global analyses of solar and reactor neutrino experiments. In section 3.2, we describe the global χ 2 we have used and define the free parameters in χ 2 global . In particular, we define in section 3.2 the reduced neutrino fluxes, f B ( 8 B neutrinos), f Be ( 7 Be neutrinos), and f p−p (p − p neutrinos). We define in section 3.3 the effective survival probability after marginalizing over θ 13 . In section 3.5, we describe how we simulate KamLAND data for three years of operation. Finally, in section 3.6 we describe how we simulate the SNO data that will result from the salt-phase measurements. Table 1 summarizes the solar(S) [5, 6, 7, 15, 16, 19] and KamLAND (K) data [17] used in our global analyses that are presented latter in this paper. The total number of data used in the analyses is 93; the number of data derived from each experiment are listed (in parentheses) in the second column of the table. In the third column, labeled Measured/SM, we list for each experiment the quantity Measured/SM, the measured total rate divided by the rate that is expected based upon the standard solar model and the standard model of electroweak interactions. We use the function χ 2 CHOOZ+ATM marginalized over θ 13 from the updated analysis [33] of atmospheric [34] , K2K accelerator [35] , and CHOOZ reactor [36, 37] data (see also, refs. [21, 20, 22] ).
Experimental data
Global
We have included in our analysis the possibility of an active-sterile admixture and in that case ξ ≡ η, where η describes the possibility that ν e oscillates into a state that is a linear combination of active (ν a ) and sterile (ν s ) neutrino states,
This admixture arises in the framework of 4-ν mixing [38] , where the higher mass squared differences average out and θ 13 is neglected. The analysis procedure we follow in the case of a non-zero admixture of sterile neutrinos is described in section 3.3.2 of Ref. [2] . We follow the usual convention and represent the reduced 8 B solar neutrino flux by the parameter f B here f B is the ratio of the true flux to the flux predicted by the standard solar model. Thus
Here φ( 8 B) BP00 ≡ 5.05 × 10 6 cm −2 s −1 [13] . We define the reduced 7 Be neutrino flux, f Be , by analogy with f B . Thus
where φ( 7 Be) BP00 ≡ 4.77×10 9 cm −2 s −1 with a 1σ uncertainty of ±10%. The reduced p-p neutrino flux is defined by 
Survival probability and θ 13
The survival probability of electron neutrinos in the case of three neutrino oscillations, P 3ν ee , can be simply related to the survival probability, P 2ν ee , for two neutrino oscillations by the equation [40] 
The effect of ∆M 2 , the mass difference squared characteristic of atmospheric neutrinos, averages out in equation 3.6 for the energies and distances characteristic of solar neutrino propagation. The effective two-neutrino problem is solved with a re-normalized electron density cos 2 θ 13 n e . The results from the CHOOZ reactor experiment [36, 37] place a strong upper bound on sin 2 2θ 13 , implying that θ 13 is close to 0 or close to π/2. Atmospheric and solar data select the first option (cos 4 θ 13 close to 1 and sin 4 θ 13 close to 0). Thus the main effect of a small allowed θ 13 on the survival probability is the introduction of the factor cos 4 θ 13 in equation 3.6 .
In what follows, we shall use 'survival probability' and P ee to denote P 3ν ee . Where numerical results are reported, we marginalize over θ 13 . At all points in oscillation parameter space, we use the value of θ 13 that minimizes χ 2 for that set of parameters.
Marginalization for predicted event rates
In order to calculate properly the allowed ranges of the reduced event rates for 7 Be] ν−e that produce the appropriate ∆χ 2 for the specified confidence limit and 1 d.o.f.
Simulated KamLAND data
We simulate three years of KamLAND measurements using the data provided in the KamLAND paper [17] . We multiply by nine the number of events for all the prompt energy bins above 2.6 MeV. Following the KamLAND collaboration, we limit our analysis to energy bins above 2.6 MeV in order to eliminate the geo-neutrino background. The energy bins above 6 MeV contain zero events in the first KamLAND results. For these bins, we simulate the expected signal in 3 years of KamLAND data by using the number of events predicted by the present best fit oscillation solution [2] (tan 2 θ 12 = 0.45, ∆m 2 = 7.1 ×10 −5 eV 2 ) for all the available solar plus KamLAND data.
Simulation of Improved SNO Measurement
The SNO experiment will report in the near future data that were taken in the salt phase [41] of the experiment. These data will provide improved measurements of both the CC and the NC signals in SNO. We will use in section 8.2 a simulation of these measurements to study how well SNO salt-phase data can test the concept of Maximal Mixing for solar neutrinos.
Following the SNO collaboration [15, 16] , we analyze all the data together, extracting the simultaneous best estimates of the CC, NC, and electron-neutrino signals.
In order to orient ourselves with respect to this expected new data set and to focus on the most important implications of the new data, we simulate the saltphase SNO CC and NC measurements as follows. We adopt as the central measured values the current best-estimate rates [15, 16] determined after the first phase of measurements with pure heavy water. For the salt-phase measurements, we assume (guided by preliminary estimates of the SNO collaboration [42] ) estimated statistical errors for 1 year of data, ∼ 3.5 % (CC rate) and ∼ 5 % (NC rate). We also assume an improved determination of systematic errors, which we estimate to be (based upon the previous reports [15, 16] of the SNO collaboration) ∼ 3.5 % (CC) and ∼ 5 % (NC).
The SNO collaboration is currently analyzing the systematic uncertainties in the salt phase of the SNO experiment [42] . We have made estimates of the statistical and systematic uncertainties in order to provide realistic calculations of how accurately we can test the validity of Maximal Mixing by future SNO measurements (cf. section 8.2). Our lack of precise information regarding the uncertainties and the correlations between the uncertainties is not sufficient to change significantly the conclusions reached in this paper.
In the salt phase, the SNO collaboration will improve the separation of NC and CC events by making use of the topology of the observed events [42, 41] . Therefore, we assume that the statistical correlation between NC and CC events is smaller than in first phase (ρ=-0.518, cf. ref. [16] ). We have performed tests for Maximal Mixing in section 8.2 assuming statistical correlations in the range [-0.3,0] for CC and NC events in the salt-phase . The SNO collaboration has improved in the salt phase the systematic uncertainties in the measurement of the absolute electron recoil energy. Therefore, we adopt for the salt phase the systematic errors in Table II of ref. [15] , except for the energy calibration which we assume will be improved to ∼ 2%. We assume that the correlation between different sources of systematic errors is the same as in the pure D 2 O phase.
Solar plus KamLAND constraints
What can we say today about neutrino oscillation parameters and solar neutrino fluxes using a global analysis of all the existing data on solar and reactor neutrino experiments? And, what improvements can we expect in our knowledge of the oscillation parameters and neutrino fluxes after three years of data taking by the KamLAND collaboration?
Using a global analysis, we determine in section 4.1 the allowed regions of neutrino oscillation parameters and the 8 B solar neutrino flux assuming that the 8 B neutrino flux is a free parameter. In this subsection, we assume that all solar neutrino fluxes except the 8 B neutrino flux are described well by the standard solar model calculation [13] of their best-estimates and uncertainties. Allowing both the 7 Be and the 8 B neutrino fluxes to be free parameters, we repeat the global analysis in section 4.2. We discuss in section 6.1 the changes in the predictions for future solar neutrino experiments that are caused by allowing the 7 Be neutrino flux to vary freely.
The most dramatic result is obtained in section 4.3. In this subsection, we impose the luminosity constraint while allowing the p − p, 7 Be, 8 B, and CNO neutrino fluxes to vary freely. The existing solar neutrino and KamLAND experiments constrain the total p − p flux to ±2% (1σ)and are in agreement with the standard solar model prediction [13] within the calculated error.
However, all our of investigations in this section show that we will be stuck with a large uncertainty in the experimentally-determined 7 Be solar neutrino flux until a dedicated 7 Be solar neutrino experiment is performed. For the reader who is mainly interested in the bottom line, we recommend jumping directly to section 4.3.
4.1
8 B neutrino flux as a free parameter Figure 2 shows the 1σ allowed region for the neutrino oscillation parameters ∆m 2 and tan 2 θ 12 that is obtained by a global fit to all of the existing solar plus KamLAND data. In addition, the figure shows the reduction in the allowed region that may be expected if the KamLAND experiment takes data for a total of three years. [5, 6, 7, 19, 14, 15, 16] plus reactor (K) data. The current best-fit point is labeled by a solid star. The figure also shows how the allowed contour is expected to be reduced after three years of operation of the KamLAND reactor experiment. In constructing these two contours, the 8 B solar neutrino flux was treated as a free parameter and all the other solar neutrino fluxes, and their theoretical uncertainties, were taken from the standard solar model of BP00 [13] The figure also shows a contour labeled 'B + lum', which corresponds to the case summarized in table 4, in which all the neutrino fluxes are treated as free parameters subject to the luminosity constraint. The 1σ contours were drawn in all cases by marginalizing over θ 13 and the the 8 B solar neutrino flux. uncertainties in ∆m 2 . The 3σ uncertainty in ∆m 2 is expected to shrink by an order of magnitude while the 1σ range should decrease by a factor of order 2.5. The expected improvements in our knowledge of tan 2 θ 12 and of the 8 B neutrino flux are much more modest.
4.2
7 Be and 8 B neutrino fluxes as free parameters Table 3 shows how the allowed range of the oscillation parameters and the solar neutrino fluxes change when the flux of 7 Be solar neutrinos is treated as a free parameter. Figure 3 shows the 1σ contours in the allowed oscillation parameter plane for the case in which the 7 Be solar neutrino flux is treated as a free parameter (dashed curve) and also for the case in which the 7 Be neutrino flux is constrained to have the standard solar model best-fit value and uncertainty (dotted curve). These two extreme treatments of the 7 Be solar neutrino flux produce very similar allowed regions in the ∆m 2 -tan 2 θ 12 plane. The allowed ranges of ∆m 2 , tan 2 θ 12 , and f B are only marginally affected by letting the 7 Be neutrino flux vary. However, the first row of table 3 shows that the current 1σ experimental uncertainty in the reduced 7 Be neutrino flux, f Be (see eq. 3.4), is a factor of 2.5 times larger than the quoted theoretical uncertainty in the standard solar model calculation of the 7 Be neutrino flux. Moreover, table 3 shows that the experimental uncertainty in determining the 7 Be solar neutrino flux is not expected to decrease significantly as a result of running the KamLAND experiment for three years. The KamLAND experiment does not provide a strong constraint on the oscillation probability for neutrinos with energies comparable to the 0.86 MeV possessed by the 7 Be solar neutrinos. We have carried out global solutions with and without including the measurement [5] of the solar neutrino capture rate in chlorine (cf. solely on the results of a single measurement. Including the chlorine experiment causes only a modest improvement in the allowed ranges, of order 10%-20%, for the neutrino oscillation parameters and for the 8 B neutrino flux. However, the chlorine measurement affects significantly the best-fit value for the 7 Be neutrino flux and the inferred uncertainty in this flux. With the chlorine experiment, f Be = 0.73 
Luminosity constraint: p-p,
7 Be, and 8 B neutrino fluxes as free parameters Table 4 presents the results of global analyses in which the p − p solar neutrino flux, as well as the 7 Be and 8 B solar neutrino fluxes, are treated as free parameters. This is the first table in which we show results obtained with and without imposing the luminosity constraint [11] . Cases in which the luminosity constraint are included are denoted by '+ lum' in the table.
The first row of table 4, which was calculated without including the luminosity constraint, should be compared with the first rows of table 2 and table 3. The accuracy with which the global solution appears to determine the solar neutrino fluxes degrades as more free neutrino fluxes are varied in the analysis. For example, the quoted BP00 error on the predicted 7 Be neutrino flux is ±10% (1σ), whereas the experimental determination is only accurate to ±25% when the 7 Be neutrino flux is treated as a free parameter. Similarly, the SSM uncertainty on the predicted p − p neutrino flux is ±1%, but the flux is only determined experimentally to ±22%. 
+0.4
−0.6 eV 2 The results given here were obtained using all the existing data from the solar [5, 6, 7, 19, 14, 15, 16] and KamLAND [17] neutrino experiments. All other (much less important) solar neutrino fluxes are assumed to have the standard solar model (BP00) predicted values and uncertainties. In constructing each column of the table, we have marginalized over all variables except the one whose range is shown in the column of interest.
fluxes as free parameters. The accuracy with which ∆m 2 is determined is also not affected significantly by adding more free fluxes, but the allowed range of tan 2 θ 12 increases by about 50% as we change the analysis from one free flux to three free fluxes.
The constraints on the p − p neutrino flux are dramatically improved, by more than a factor of ten, when the luminosity constraint is implied. This improvement is independent of whether the CNO neutrino fluxes are assumed to have their standard solar model best-fit and uncertainties (row two of table 4) or whether the CNO fluxes are treated as free parameters (row three of table 4). Remarkably, the p − p solar neutrino flux is known at present to ±2% (1σ uncertainty) and is in agreement to that accuracy with the prediction of the standard solar model The constraints on the 7 Be neutrino flux are not improved by imposing the luminosity constraint. The luminosity constraint affects differently the p − p and
1 The results given here should be compared with an insightful analysis given in section VI of ref. [6] . The authors of ref. [6] made a series of simplifying assumptions in analyzing the preKamLAND solar neutrino data and obtained f p−p = 1.29 ± 0.30. The principal assumptions made in this analysis, which did not include a global treatment of all the experiments together, included assuming the correctness of the BP00 fluxes for the 7 Be, CNO, and pep neutrinos and the constancy of the survival probability for all of these neutrinos. Although the authors suggest that their uncertainty may be underestimated, their reasoning shows clearly how the gallium experiments constrain the p − p neutrino flux. 7 Be solar neutrino fluxes. We shall explain the origin of this difference in section 5. However, the alert reader may notice a counter-intuitive result shown in column 4 (f Be ) of The chlorine experiment has a stronger effect on the constraints than does the gallium experiment. Figure 2 shows that the uncertainties in determining ∆m 2 and tan 2 θ 12 from existing data are not affected significantly by whether only the 8 B neutrino flux is treated as a free variable or whether, instead, all the fluxes are treated as free variables subject to the luminosity constraint. In both cases, the allowed ranges are practically the same (cf. the first row of table 2 with the last row of table 4). Table 5 summarizes the predictions for the radiochemical solar neutrino experiments of the LMA solution that are inferred from the existing solar neutrino and KamLAND experiments. The predictions are based upon the global analyses for which the bestfit neutrino oscillation parameters are listed in the first row of table 2 (and the third row of table 4, free solar neutrino fluxes plus luminosity constraint). The measured rate in the chlorine experiment is approximately 2σ (1σ) smaller than the best-fit LMA prediction. SNU (gallium), and the measured values, which are 2.56 ± 0.23 (chlorine [5] ) and 70.8 ± 4.4 (gallium [6, 7, 19] 5. How does the luminosity constraint affect the allowed range of solar neutrino fluxes?
Predictions for the radiochemical chlorine and gallium experiments
The luminosity constraint states that a specific linear combination of all the neutrino fluxes that are produced by fusion reactions at a temperature of order 1 keV must be equal to unity. The precise coefficients for this linear combination are given in table 1 and equation 2 of ref. [11] .
We can understand the strong effect of the luminosity constraint on the p − p neutrino flux, and the relatively weak effect on the 7 Be neutrino flux, by including only the largest terms in the luminosity constraint. We define a reduced neutrino flux φ to be the ratio of the true solar neutrino flux from a particular nuclear reaction to the neutrino flux predicted for this source by the BP00 solar model. If the standard solar model is a relatively good approximation to the actual Sun, then the leading terms in the luminosity constraint are
We see immediately from equation 5.1 that the luminosity constraint does not allow the p − p flux to exceed, at any confidence level, 9% of the current standard solar model predicted flux. By contrast, if we do not impose the luminosity constraint, the best-fit value for f p−p is 1.49 not 1.0 and the maximum value of f p−p is 2.02 at 3σ (see the last column of table 4). The strong lower limit on f p−p follows from equation 5.1 because the chlorine and gallium solar neutrino experiments imply that f Be can not be much larger than unity (cf. table 5 ). The small coefficient of f Be in equation 5.1 is the reason that the luminosity constraint does not impose tight constraints on the allowed 7 Be solar neutrino flux, provided that the standard solar model is a reasonable approximation to the actual Sun. In principle, the 7 Be solar neutrino flux could be as large as three times the predicted BP00
7 Be neutrino flux without violating nuclear physics or energy constraints [11] . However, this would be true only for a real Sun that is very different from the standard solar model.
What will we learn from a
7 Be solar neutrino experiment?
In this section, we investigate quantitatively what we may expect to learn from a measurement of the 7 Be solar neutrino flux. We begin in section 6.1 by comparing the differences in the predictions for future experiments caused by treating the 7 Be and other solar neutrino fluxes as free parameters rather than by taking the fluxes, and their associated uncertainties, from the standard solar model. Then in section 6.2 we investigate how accurately a measurement of the 7 Be solar neutrino flux is expected to determine neutrino oscillation parameters and solar neutrino fluxes.
7 Be free: Implications for future experiments
Whether or not f Be is treated as a free parameter affects strongly the uncertainty, and the best estimate, of the predicted rate at which electrons scatter 7 Be neutrinos or are absorbed in a CC experiment. We define the reduced 7 Be ν − e scattering or CC (absorption) rate as follows:
Observed rate BP00 predicted rate , 7 Be neutrinos from the 0.86 MeV electron capture line. On the other hand, the result for ν − e scattering that is given in equation 6.2 includes neutrinos from all the solar neutrino fluxes that produce recoil electrons with energies in the range 0.25-0.8 MeV. Most of the recoil electrons in the selected energy range are produced by 7 Be neutrinos, although there are small contributions from CNO, pep, and p-p neutrinos (whose fluxes are taken from the BP00 solar model [13] ).
The situation is very different if we treat the 7 Be solar neutrino flux as a free variable in the global analysis. In this case, using the existing KamLAND data and all the available solar data, we find: The uncertainties are enormous for the predicted rates in 7 Be experiments (cf. equations 6.6-6.7) if the solar neutrino fluxes used in the global fits to experiments are unconstrained by solar model calculations. The uncertainties in the predictions, ∼ ±60% of the best-estimate value for the ν − e scattering rate (∼ ±70% for the CC rate), are more than an order of magnitude larger than the uncertainties in the predictions, ∼ ±3% for the ν − e scattering rate (∼ ±5% for the CC rate), if the 7 Be neutrino flux is constrained by the standard solar model prediction and uncertainties.
How accurately will
7 Be experiments determine oscillation parameters and solar neutrino fluxes?
We suppose in this subsection that the ν − e scattering rate, [ 7 Be] ν−e , is measured and that the best-fit value coincides with the result obtained assuming the standard solar model [13] 7 Be neutrino flux and the preferred values for ∆m 2 and tan 2 θ 12 (cf. table 2 and equation 6.2). We have then carried out a global solution including all the currently available solar neutrino data, the simulated KamLAND three year data, and the hypothetical measurement of [ 7 Be] ν−e . We use the simulated three year data rather than the currently available one-year KamLAND data since it seems likely that the KamLAND reactor experiment will be completed before a 7 Be solar neutrino experiment is completed. The main result contained in this figure is that the allowed region for oscillation parameters is not expected to be affected much by a measurement of the 7 Be solar neutrino flux. Each 1σ contour in the plane of allowed oscillation parameters is constructed using all the existing solar neutrino data [5, 6, 7, 19, 14, 15, 16] plus a simulated three years of KamLAND data (cf. figure 2) , as well as a particular treatment of the solar neutrino fluxes. The dashed contour that extends to the smallest values of tan 2 θ 12 corresponds to treating the 7 Be and all other solar neutrino fluxes as free parameters, while the contour that extends to the largest values of tan 2 θ 12 was computed by assuming that all of the solar neutrino fluxes except the 8 B neutrino flux are constrained by the estimated values and uncertainties obtained from the standard solar model [13] . A 5% measurement of the ν − e scattering rate for 7 Be solar neutrinos produces the solid intermediate curve in figure 3 . The contours were calculated by marginalizing over θ 13 , f B , and f Be .
We have imposed the luminosity constraint [11] on the solar neutrino fluxes when carrying out the global solution. We have treated the p − p, 7 Be, 8 B, and CNO neutrino fluxes as free parameters. The solid curve in figure 3 represents the expected 1σ allowed region after a 5% measurement of [ 7 Be] ν−e . This 'post-7 Be' contour is not significantly smaller than the two other contours in figure 3 . The two other contours represent the result of analyzing with different options all the current solar neutrino data plus three years of simulated KamLAND data. The two options are to allow all the solar neutrino fluxes to be free parameters, subject to the luminosity constraint, or to treat only the 8 B solar neutrino flux as a free parameter.
We conclude that a measurement of the 7 Be solar neutrino flux will not contribute much to the knowledge of the allowed region in oscillation parameter space unless there is additional new physics beyond neutrino oscillations or unless one of the previous solar neutrino experiments has a large previously unrecognized systematic uncertainty or bias.
In the following subsection, section 6. 7 Be solar neutrino flux will be improved by more than a factor of four over what will be known from the solar neutrino experiments plus three years of KamLAND reactor measurements. The experimental uncertainty in determining the 7 Be solar neutrino flux would then be essentially equal to the current uncertainty in the standard solar model prediction of the 7 Be neutrino flux. A 3% measurement of [ 7 Be] ν−e would lead to an improvement of a factor of eight in the accuracy with which the 7 Be solar neutrino flux is known.
We conclude from a study of table 6 that a measurement of the 7 Be ν − e scattering rate will lead to an enormous improvement in the experimental knowledge of the 7 Be solar neutrino flux. Without a specific 7 Be solar neutrino experiment, our empirical knowledge of the 7 Be solar neutrino flux will be a factor of four less precise than the current uncertainty in the standard solar model prediction [±40% (experimental) versus ±10% (standard solar model) ].
How sensitive are our quantitative conclusions to the assumed value for [ 7 Be] ν−e ? We have answered this question by carrying out global fits in which the assumed value for [ 7 Be] ν−e differs by ±1σ from the current best fit. The results obtained for the ranges of the neutrino oscillation parameters and the solar neutrino fluxes by assuming the 1σ-different values are almost identical to the results shown in table 6 using our current best-prediction for [ 7 Be] ν−e .
What do we learn about the p − p solar neutrino flux?
We have already seen from the discussion of 7 Be] ν−e to an accuracy of 5% will improve our experimental knowledge of the p − p flux by a factor of four, to an extraordinary ±0.5%. A 3% would reduce the experimental uncertainty to ±0.4% , a factor of five improvement. No significant further improvement would be achieved by a 1% measurement.
Will we learn more or less from a CC
7 Be experiment?
We concentrate in this section on ν − e scattering experiments since the BOREX-INO [45] and KamLAND [17] detectors are already well advanced toward measuring the 7 Be neutrino-electron scattering rate. Moreover, there may be significant uncertainties in the CC cross section that are not present for the ν e scattering measurement.
However, we note that a measurement with a CC detector with the same total experimental precision as for a ν − e scattering experiment would give comparable, actually somewhat better, precision. For example, for a common measuring error of a measurement of ±5% (1σ), the 7 Be CC absorption rate would yield a determination of the total 7 Be flux with an error (±4.5%, 1σ) that is about three-quarters of the error (±6%) on the total 7 Be neutrino flux that can be inferred from a ν −e scattering experiment. In both cases, the global analysis includes a fit to all the available solar neutrino plus KamLAND data.
What will we learn from a p-p solar neutrino experiment?
To the best of our knowledge, Nakahata [46] first discussed in a systematic way the possibility of using a measurement of the ν − e scattering rate of p − p solar neutrinos to determine more accurately the mixing angle represented by tan 2 θ 12 . In his discussion, Nakahata assumed that the total p − p neutrino flux is given by the standard solar model with its associated uncertainties (±1% for the predicted p − p neutrino flux) and therefore he did not apply the luminosity constraint.
In what follows, it is convenient to use the reduced ν − e scattering rate [or CC (absorption) rate] for p − p neutrinos which is defined by the relation:
Observed rate BP00 predicted rate ,
where the denominator of equation 6.1 is the rate calculated with the BP00 p − p neutrino flux assuming no neutrino oscillations. We assume throughout this section that the 7 Be neutrino scattering rate has been measured to an accuracy of ±5% and that the data are available for three years of operation of the KamLAND reactor experiment. From our current perspective, it seems likely that both the KamLAND reactor data and the 7 Be solar neutrino data will be available before the completion of a p − p solar neutrino experiment.
In section 7.1, we assume that the total p-p neutrino flux, and the uncertainty in the flux, are calculated accurately using the standard solar model. Following Nakahata, we explore what can be learned from a precise measurement of the rate, [p − p] ν−e , of neutrino-electron scattering of p-p solar neutrinos if we have faith in the standard solar model predictions.
We consider a more rigorous and informative treatment in section 7.2. In this more comprehensive analysis, the p − p, 7 Be, 8 B, and CNO neutrinos are treated as free parameters in a global analysis of all the data, with the data including simulated measurements of the p − p and 7 Be neutrino-electron scattering rates. We apply the luminosity constraint in the free-flux analysis described in section 7.2, obtaining simulated powerful limits on the p − p neutrino flux and the range of tan 2 θ 12 . We shall see that a measurement of [p − p] ν−e to an accuracy better than ±3% is required in order to significantly improve our experimental knowledge of tan 2 θ 12 . The main reason for the required high precision in the measurement of [p − p] ν−e is that existing experiments already determine the total p − p neutrino flux to ±2% (see the last column of table 4).
In section 7.3, we present for pep neutrinos the current predictions for the rate of ν − e scattering and compare the power of measuring the pep scattering rate with the power of measuring the p − p scattering rate. Table 7 shows what we can infer if we assume that the total p-p flux is known to an accuracy of ±1% from the standard solar model predictions.
Assuming the standard solar model p-p neutrino flux
We show in the table the results of a global analysis if the expected ν −e reduced scattering rate of p-p neutrinos, [p − p] ν−e , is measured to 5%, 3%, or 1% accuracy. The predicted rate for ν − e scattering with a 50 keV electron energy threshold is (see table 2 of ref. [2] ):
We include in the global analysis that was used to construct Table 7 : The effect of a measurement of the p-p ν − e scattering rate: Assume standard solar model p-p neutrino flux. The table presents, in rows two-four, the best-fit and the 1σ (3σ) ranges computed by global fits that include a simulated measurement of the expected ν − e scattering rate of p − p solar neutrinos. The p-p neutrino scattering rate is presumed to be measured with either 5%, 3% or 1 % precision. In all cases, we have also included a simulated measurement with 5 % precision of the ν − e scattering rate of 7 Be neutrinos, a simulated result of three years of KamLAND data (K), and all data from existing solar neutrino experiments (S) [5, 6, 7, 19, 14, 15, 16] . The results from a global analysis that was made using just the solar, KamLAND, and 7 Be data are presented in the first row of the table. The p − p neutrino flux is constrained to have the same best-estimate value and uncertainty as in the BP00 solar model prediction [13] . The 8 B and 7 Be fluxes were treated as free parameters, but the luminosity constraint is not imposed. In constructing each column of the table, we have marginalized over all variables except the one whose range is shown.
There are, according to table 7, only modest improvements in our knowledge of the neutrino oscillation parameters and the neutrino fluxes until the accuracy of the p-p measurement becomes better than ±3%. In other words, the measurement accuracy must be comparable to the quoted accuracy, ±1%, of the solar model calculation of the total p-p flux in order to make a major improvement. If [p − p] ν−e is measured to an accuracy of 1%, then the 3σ uncertainties in determining tan 2 θ 12 and f B will be reduced by a factor of two. The uncertainties for ∆m 2 and f Be will be affected only by relatively small amounts even if [p − p] ν−e is measured to 1%.
Free neutrino fluxes
Suppose we treat the p-p, 7 Be, 8 B, and CNO solar neutrino fluxes as free parameters and impose the luminosity condition. Suppose also the p − p and 7 Be neutrinoelectron scattering rates are measured.
In this case, table 8 and figure 4 show that a ±1% measurement of the rate of ν − e scattering rate by p − p solar neutrinos will improve by a factor of two our experimental knowledge of the allowed range of tan 2 θ 12 , but will not significantly improve our knowledge of the other solar neutrino fluxes or of ∆m
2 . An accuracy of better than ±3% is necessary, according to table 8, to decrease the allowed range of as free parameters subject to the luminosity constraint [11] . Each contour is calculated making use of all the currently available solar neutrino data [5, 6, 7, 19, 14, 15, 16] plus the anticipated data from three years of operation of the KamLAND reactor experiment (cf. figure 2 ) plus a 5% measurement of the 7 Be solar neutrino flux (cf. figure 3) . tan 2 θ 12 by more than 15%. We quote in all of our tables in this paper the allowed ranges after marginalizing over every parameter except the one of special interest. This is not the common practice in the field of neutrino oscillations. Because what we mean by errors is somewhat non-standard (but we think our procedure is valid), we have included in section 3.4 and also in section 9.2 discussions of the effect of marginalizing over input parameters.
What about the pep line?
In this subsection, we explore what can be learned by studying the pep solar neutrino flux. The interested reader can see in ref. [47] an early discussion of the theoretical questions that can be addressed by combining the pep measurement with other solar neutrino measurements. Moreover, that has recently been renewed interest in the experimental possibilities for measuring the pep neutrino-electron scattering rate at a deep underground site [48] . Table 8 : The effect of a measurement of the p-p ν − e scattering rate: free fluxes, luminosity constraint. The table presents, in rows two-four, the best-fit and the 1σ (3σ) ranges computed by global fits that include a simulated measurement of the expected ν − e scattering rate of p − p solar neutrinos. The p-p neutrino scattering rate is presumed to be measured with either 5%, 3% or 1 % precision. In all cases, we have also included a simulated measurement with 5 % precision of the ν − e scattering rate of 7 Be neutrinos, a simulated result of three years of KamLAND data (K), and all data from existing solar neutrino experiments (S) [5, 6, 7, 19, 14, 15, 16] . The global analysis using just the solar, KamLAND, and 7 Be results is presented in the first row of the table. The p − p, 7 Be, 8 B, and CNO neutrino fluxes are all treated as free parameters subject to the luminosity constraint. In constructing each column of the table, we have marginalized over all variables except the one whose range is shown. The allowed range of ∆m 2 is the same for all cases shown: ∆m 2 = 7.3 ± 0.2 (
We present in section 7.3.1 the current best-estimate for the rate at which pep neutrinos are scattered by electrons. In section 7.3.2, we compare the power of a pep measurement with the power of a p − p measurement.
The ratio of the pep to the p − p neutrino flux is robustly determined by the standard solar model calculations. The ratio is determined more accurately than the individual fluxes because the ratio only depends weakly on the solar model characteristics. We have therefore used the BP00 value for the ratio,
in the calculations reported in this subsection (and in section 7.1 and section 7.2). However, we have verified that none of our quantitative conclusions are affected significantly if we change the ratio given in equation 7.3 by a relatively large amount, ±10%.
The current predictions
What is the current best-estimate prediction for the rate of scattering of pep solar neutrinos by electrons? To answer this question, we have repeated the global analysis of the existing solar and KamLAND data as described in section 6.1. But in the present discussion we present the predictions for the pep, 1.4 MeV, neutrino line instead of the 7 Be neutrino line.
If we treat the 8 B solar neutrino flux as a free parameter, but assume that all the other neutrino fluxes are as predicted by the BP00 standard solar model calculation [13] , then the current best-estimate prediction for the reduced pep reduced reaction rate is Assuming that the pep neutrino flux is measured instead of the p−p neutrino flux, we have repeated the global analyses of existing and future solar and KamLAND data that are described in section 7.1 and section 7.2. We assumed for these calculations the same accuracy for the measurements of the pep neutrino flux as was assumed in section 7.1 and section 7.2 for the measurements of the p − p neutrino flux. Our global analyses show that a measurement of the ν − e scattering rate by pep solar neutrinos would yield essentially equivalent information about neutrino oscillation parameters and solar neutrino fluxes as a measurement of the ν − e scattering rate by p − p solar neutrinos. The estimated best-estimates and uncertainties in the parameters are almost identical for the analyses we have carried out for p − p and pep neutrinos.
Maximal Mixing?
Is the currently allowed oscillation region for solar neutrinos consistent with maximal mixing, i. e., with tan 2 θ 12 = 1? And, if not, at what level is maximal mixing excluded? These are important questions for constructing particle physics models (see, e. g., [28, 49, 50, 51] ).
We determine in section 8.1 at what level maximal mixing is excluded by using all the currently available solar plus KamLAND data. In section 8.2, we investigate the extent to which the SNO salt-phase data [41, 42] will strengthen or weaken the conclusion that exact Maximal Mixing is disfavored by solar and reactor data. In order to illustrate the sensitivity (or insensitivity) of the results to individual experiments, we present the results of the global analyses with and without including the chlorine experiment.
Solar plus KamLAND data today
We see from figure 2 that the 1σ allowed contour in the ∆m 2 
Implications of improved SNO measurements
We have described in section 3.6 how we have simulated possible results of the SNO measurements in the salt phase (cf. ref. [41] ). With the assumptions stated in section 3.6, we have calculated global solutions using all the available solar plus KamLAND data and the simulated SNO salt-phase solar data. We find for 1 d.o.f. Thus if the true oscillation parameters are close to the current best-estimates of these parameters, then the SNO salt-phase measurements will enormously improve the significance by which precise maximal measurements is disfavored. There is, however, the possibility that precise maximal mixing is correct and the current best-estimates of the neutrino oscillation parameters are somewhat in error. This would not be the first time in the history of solar neutrino oscillation studies that the initial experimental results have favored parameters that turn out to be disfavored when more data are available (cf. discussion in section 1).
To test the influence of the salt-phase data if maximal mixing is exactly correct, we have assumed that the best-estimate parameters that will be extracted from the salt-phase data will be a reduced NC rate (relative to no oscillations and the standard solar model flux) [NC] = 0.73 and a CC to NC ratio of [CC]/[NC] = 0.5 . These values correspond to maximal mixing with the same CC rate as has been previously measured by the SNO collaboration [15, 16] .
Assuming that maximal mixing is exactly correct, we find that all the currently available solar plus KamLAND data when combined with the SNO salt-phase data will lead to a less-disfavored maximal mixing: tan 2 θ 12 < 1 at 2.1σ [Maximal Mixing correct, simulated SNO salt − phase data]. (8.5) If we omit the chlorine experiment from the global solution but include the hypothetical Maximal Mixing result for the SNO salt-phase data, we find that maximal mixing would be globally disfavored by a modest 1.5σ.
Thus we expect that if Maximal Mixing is precisely correct, then the salt-phase SNO measurements will reduce significantly, but not dramatically, the extent to which Maximal Mixing is globally disfavored by all the solar plus reactor data (cf. equation 8.5 with equation 8.1).
Discussion
In section 9.1, we answer the question of why do solar neutrino experiments below 1 MeV. We use as the basis for our answer the calculations and discussion presented in the present paper.
We summarize in section 9.2 our view of what are the most important ideas and results that are described in section 2 to section 8.
Why do solar neutrino experiments below 1 MeV?
There are three primary reasons for doing low energy solar neutrino experiments.
First, new phenomena may be revealed at low energies (< 1 MeV) that are not discernible at high energies (> 5 MeV). According to the currently accepted LMA oscillation solution, the basic oscillation mechanism switches somewhat below 1 MeV from the MSW matter-dominated oscillations that prevail at high energies to the vacuum oscillations that dominate at low energies (More precisely, we mean by the phrase 'low energies' those energies for which β < cos2θ 12 , see equation 2.3 and figure 1 ). We want to know if this transition from matter-induced to vacuum oscillations does indeed take place. If it does, is the ratio (β) of the kinematic term in the Hamiltonian (i. e., ∆m 2 /2E) to the matter-induced term( √ 2G F n e ) the only parameter that determines the physical processes that are observed in this energy range? Or, could there be entirely new physical phenomena that show up only at the low energies and great sensitivity provided by the ultra-long baseline solar neutrino experiments (see, for example, ref. [52] )? Second, new solar neutrino experiments will provide accurate measurements of the fluxes of the important p−p and 7 Be solar neutrino fluxes, which together amount to more than 98% of the total flux of solar neutrinos predicted by the standard solar model. These measurements will test the solar model predictions for the main energyproducing reactions, predictions that are more precise than for the higher-energy neutrinos.
Third, low-energy solar neutrino experiments will make possible a precise measurement of the vacuum mixing angle, θ 12 .
Principal results
The p − p solar neutrino flux. The existing solar and reactor experiments determine the flux of p − p solar neutrinos to an accuracy of ±2%, provided one imposes the luminosity constraint (see below and section 5). The measured value is 1.01 ± 0.02 times the flux predicted by the BP00 [13] standard solar model (see the last two entries in the last column of table 4). The power of the luminosity constraint. Table 4 shows that the luminosity constraint reduces by a factor of ten the uncertainty in the experimentally-determined p − p solar neutrino flux, from ±0.22 (1σ) without the luminosity constraint to ±0.02 with the constraint. One can understand from the approximate equation 5.1 why the luminosity constraint provides such a powerful limitation on the p − p flux, but is not very restrictive for the 7 Be solar neutrino flux. If the real Sun is relatively close to the standard solar model [13] , about 85% of the energy generation in the model goes through the 3 He-3 He termination (producing two p − p neutrinos) and only about 15% goes through the 3 He-4 He termination (producing one p-p neutrino and one 7 Be neutrino). Therefore the condition for energy conservation that is expressed by the luminosity constraint limits the p − p neutrino flux more tightly than the 7 Be neutrino flux.
The luminosity constraint does not have a significant direct effect on the allowed region for the 8 B neutrino flux because the 8 B flux represents only a tiny fraction, 0.004%, of the energy generation in the standard solar model. The only effect of the luminosity constraint on the allowed 8 B range is indirectly through the allowed regions for tan 2 θ 12 and ∆m 2 .
The allowed region of ∆m 2 and tan 2 θ 12 . Figure 2 illustrates the currently allowed 1σ region for ∆m 2 −0.19 ). The oscillation parameters are less well constrained if one requires that the neutrino fluxes be determined by experiment rather than adopted from the standard solar model.
The active-sterile admixture We can parameterize the sterile contribution to the neutrino flux in terms of sin 2 η or, alternatively, in terms of a derived parameter f B, sterile , the sterile fraction of the 8 B neutrino flux [2] . The 1σ allowed range for the active-sterile admixture is sin 2 η ≤ 0.13 in our analysis S + K (table 2) What additional KamLAND measurements will teach us. We have simulated the results of a full three years of KamLAND operations (see section 3.5), assuming that the true result values of the oscillation parameters are equal to the current best-fit parameters. Performing a global analysis of the simulated KamLAND 3 yr data and all the currently available solar neutrino data, we find that the additional KamLAND data will reduce the allowed 3σ region for ∆m 2 by about a factor of ten (compare the top and bottom rows of table 2  and table 3 ). The allowed regions for tan 2 θ 12 and f B will be reduced less dramatically, but still significantly, by about a factor of one-third. Figure 1 illustrates the two limiting regimes, vacuum and matter oscillations, and the transition region between them. In the Sun, the vacuum-matter transition occurs somewhere near 1 MeV. 6 . A measurement of the ν − e scattering rate accurate to ±10% or better will reduce by a factor of four the uncertainty in the measured 7 Be neutrino flux. Moreover, the 10% 7 Be flux measurement will reduce the uncertainty in the crucial p − p flux by a factor of about 2.5. A 7 Be measurement accurate to ±3% would provide another factor of two improvement in the accuracy of the 7 Be and p − p solar neutrino fluxes.
All of these improvements are measured with respect to what we expect can be achieved with three years of operation of the KamLAND experiment (see the top row of table 6), which is likely to be completed before a 7 Be solar neutrino experiment is completed. Comparable information can be obtained from a CC (neutrino absorption) experiment and from a neutrino-electron scattering experiment if both are performed to the same accuracy.
Contrary to what some authors have stated, a 7 Be solar neutrino experiment is not expected to provide significantly more accurate values for the neutrino oscillation parameters than what we think will be available after three years of operation of KamLAND (see table 6 ).
A p − p solar neutrino experiment According to the standard solar model,about 91% of the total flux of the neutrinos from the Sun is in the form of the low energy (< 0.42 MeV) p − p neutrinos. We cannot be sure that we have an essentially correct description of the solar interior until this fundamental prediction is tested. Moreover, the p − p neutrinos are in the range where vacuum oscillations dominate over matter effects, so observing these low-energy neutrinos is an opportunity to test in a crucial way also our understanding of the neutrino physics.
If we really know what we think we know, if the standard solar model is correct to the stated accuracy (±1% for the total p − p neutrino flux) and if there is no new physics that shows up below 0.4 MeV, then table 8 shows that a measurement of the p − p flux to an accuracy of better than ±3% is necessary in order to significantly improve our experimental knowledge of tan 2 θ 12 . The main reason why such high accuracy is required is that the existing experiments, if they are all correct to their quoted accuracy, already determine the p−p solar neutrino flux to ±2%. (We assumed in constructing table 8 that three years of KamLAND reactor data will be available, as well as ±5% measurement of the 7 Be neutrino-electron scattering rate. The 7 Be measurement does not contribute significantly to the measurement accuracy for tan 2 θ 12 .)
The pep neutrinos (a 1.4 MeV neutrino line) can give essentially the same information as the p − p neutrinos.
Maximal mixing; the SNO salt-phase data The existing solar plus reactor data disfavor neutrino oscillation solutions with tan 2 θ 12 = 1 , i. e., maximal mixing, at a confidence level of 3.5σ (see equation 8.1). If the current best-fit solution is correct, i. e., the true value of tan 2 θ 12 = 0.42, then the SNO salt-phase data should exclude maximal mixing with a very high confidence level, ∼ 5.5σ (see 8.3).
What if maximal mixing is exactly correct and the previous experimental indications have pointed in the wrong direction? In this case, we estimate that the SNO salt-phase data will reduce the extent to which maximal mixing is globally disfavored from 3.5σ to 2.1σ.
We expect that the SNO salt-phase data will significantly clarify the experimental status for solar neutrinos of the hypothesis of maximal mixing [53] .
What if one experiment is wrong? The implications of solar neutrino experiments for physics and astronomy are too important to be allowed to depend upon just one experiment, no matter how well that experiment appears to have been performed. We have therefore checked the sensitivity of some of our results to removing the chlorine experiment from the total data set.
The principal reason for choosing the chlorine experiment to test the robustness of our conclusions is that the experiment supplies an important number. The total capture rate of solar neutrinos by 37 Cl affects significantly some of our inferences. Although the chlorine experiment has been tested internally in different ways and has been carried out with exemplary care and skill [5] , the full experiment has not been directly checked by any other solar neutrino experiment.
If we include the chlorine experiment in the total data set, the reduced 7 Be neutrino flux implied by all the data is f Be = 0.97 Thus removing the chlorine experiment degrades the existing 7 Be neutrino flux measurement from a ±41% measurement to a ±65% measurement.
Removing the chlorine experiment from the data set results in a relatively weaker conclusion regarding maximal mixing. Instead of maximal mixing being disfavored by 3.5σ, as it is with the full data set, maximal mixing would only be disfavored by 2.1σ if the chlorine experiment is omitted (cf. equation 8 calculated by the marginalization procedure described above are different from, and smaller than (by up to about 50%), the allowed ranges that were usually quoted in our own previous papers. There, we determined the uncertainties for quantities like [ 7 Be] ν−e or [p − p] ν−e by sampling the two-dimensional parameter space, ∆m 2 and tan 2 θ 12 , at the desired confidence level, together with the other input parameters. The marginalization procedure described here yields a well defined range independent of the number of free parameters in the analysis. The marginalization procedure has been used to extract derived parameters as f B,sterile [2] or ∆m 2 sin 2θ 12 (first ref. in [3] ) and it should be used in the future when calculating individual elements of the neutrino oscillation matrix like cos θ 13 × cos θ 12 .
Technical Details We describe in section 3 the method we use to calculate the global χ 2 , introduce the parameter that represents the active-sterile admixture, and define the reduced solar neutrino fluxes f B , f Be , f p−p , and f CNO . We also summary the 93 data (see table 1 ) that we use in our global analyses. In addition, we outline how we create simulated data for three years of KamLAND operation and for the salt-phase measurements of SNO.
What does it all mean?
We are agnostics on the question of whether or not we know the physics and the astronomy well enough to extrapolate accurately to a different neutrino energy domain and to different solar neutrino sources. New physics or astronomical processes may be relevant at neutrino energies below 1 MeV that are not important at higher energies. We have made the extrapolation in this paper in order to have a quantitative basis for discussing what to expect and what we might learn.
